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PREFACE 
In dealing with energy shortage problems around the world, 
energy utilization is closely related to technological develop- 
ment of fossil fuel-to-fuel conversion processes which provide 
alternatives to petroleum. Among the fossil fuel-to-fuel pro- 
cesses, several processes of making synthetic gas and oil from 
coal have been developed by several agencies. These processes 
are characterized by competitiveness and substitutability of 
diversified technologies in the same research and development 
area, and they have many deleterious effects on society, such as, 
resource exhaustion and environmental pollution. Thus alterna- 
tive processes of technologies and their effects on human society 
should be examined and compared not only from the economic but 
from various social points of view as well. Thus, we propose 
the sociotechnique (SOTEC) concept for selecting the appropri- 
ate technology to the existing society. 
To solve the Complex Problematique to which the SOTEC concept 
corresponds is a multicriteria problem. IIASA's System and 
Decision Sciences Area has recognized the neccessity of coping 
with the multicriteria problem. This study is going on at 
IIASA and at Kyoto as one of several cooperative studies. This 
paper can be seen as a preliminary and modest contribution in 
this direction. The results were presented at IFAC Symposium 
on Criteria for Selecting Appropriate Technologies under Dif- 
ferent Cultural, Technical, and Social Conditions, May 21-23. 
1979, Bari, Italy. 
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1.INTEODUCTION 
Recent  r e s e a r c h  a t  MIT h a s  p o i n t e c  o u t  t h a t  because  u t i l i -  
z a t i o n  o f  n a t u r a l  gas  i n  p l a c e  o f  pe t ro leum has  been i n c r e a s i n g ,  
f u t u r e  energy  demands w i l l  produce  a s e r i o u s  s h o r t a g e  o f  n a t u r a l  
gas  i t s e l f  i f  r e c e n t  t r e n d s  i n  n a t u r a l  gas  use  ( e . g .  6% p e r  y e a r  
r a t e  of  i n c r e a s e  i n  t h e  U.S.) p e r s i s t .  On t h e  o t h e r  hand,  new 
t e c h n o l o g i e s  f o r  n u c l e a r  power and s o l a r  ene rgy  u t i l i z a t i o n  have 
n o t  y e t  been deve loped  w i t h  a c c e p t a b l e  l e v e l s  o f  f e a s i b i l i t y .  
I n  consequence ,  r e s e a r c h  and development o f  s y n t h e t i c  g a s  and o i l  
produced by g a s i f y i n g  o r  l i q u e f y i n g  c o a l  h a s  r e c e n t l y  a t t r e c t e d  
i n c r e a s i n g  a t t e n t i o n .  The purpose  o f  t h i s  p a p e r ,  ma in ly  based  
on t h e  s t u d y  by t h e  MIT group ( H o t t e l  and  Eoward [ l ]  ) , i s  t o  
propose  a  methodology f o r  s e l e c t i n g  a p p r o p r i a t e  t e c h n o l o g i e s  f o r  
s u b s t i t u t e - e n e r g y  development under  d i f f e r e n t  r e s o u r c e  and s o c i a l  
c o n d i t i o n s .  
Methodology f o r  t echno logy  assessment  (T.A.) f o r  choos ing  
t h e  most d e s i r a b l e  p r o c e s s e s  amonq a l t e r n a t i v e s  h a s  n o t  been w e l l  
developed y e t .  Technology assessment  i s  m u l t i o b j e c t i v e .  
The c r i t e r i a  o f  e v a l u a t i o n  are noncommensurate and they  are a l s o  
o f t e n  i n  c o n f l i c t  w i t h  each o t h e r .  And t h e  e f f e c t s  of  a l t e r n a t i v e  
processes  are ' s t i l l  under u n c e r t a i n t y .  Thus, w e  are concerned 
wi th  e s t a b l i s h i n g  q u a n t i t a t i v e l y  t h e  magnitudes of comprehensive 
p r o f i t a b i l i t y  f o r  choosing t e c h n o l o g i c a l  p roces ses  under t h e s e  
c i rcumstances .  
Technology assessment has  two a s p e c t s .  One i s  t h e  n e c e s s i t y  
of  examining t echno log ie s  o r  p rocesses  n o t  o n l y  t e c h n i c a l l y  b u t  
i n  t h e  c o n t e x t  o f  r e sou rce  endowment, e x i s t i n g  economic and 
s o c i a l  c o n d i t i o n s  and e x t e r n a l  ( o r  environmental )  e f f e c t s .  Thus, 
technology assessment i s  cons idered  t o  be combined wi th  l o c a t i o n  
problems involved w i t h  technology choice .  
I n  r e g i o n a l  s c i e n c e ,  indus t r ia l -complex  a n a l y s i s  h a s  been 
devoted t o  i d e n t i f y i n g  s p e c i f i c  combinations o f  i n d u s t r i a l  
a c t i v i t i e s  f o r  which one r eg ion  i s  more f avo rab le  t han  ano the r .  
( I s a r d ,  Schooler  and V i e t o r i s z  [ 2 ] ) .  Here t h e  c r i t e r i o n  o f  cho ice  
i s  e x c l u s i v e l y  l o c a t i o n a l  advantages based on cost - revenue 
d i f f e r e n t i a l s  a s  a r e s u l t  o f  r e sou rce  endowment and economic 
development. 
I n  c o n t r a s t  t o  i n d u s t r i a l  complex a n a l y s i s ,  o u r  method i s  
based on t h e  soc io- technique  complex (SOTEC) 'concept f o r  technology 
assessment.  I n  t h i s  concept ,  t h e  economic advantage of s p a t i a l  
j u x t a p o s i t i o n  o f  subs t i t u t e - ene rgy  processes  w i th  o t h e r  i n d u s t r i a l  
a c t i v i t i e s  i s  no t  n e c e s s a r i l y  t aken  i n t o  cons ide ra t ion .  I n s t e a d  
t h e  stress i s  placed  on t h e  p rope r ty  o f  t h e  o b j e c t ,  an app rop r i a t e -  
technology development problem, a s  a complex problemat ique.  
A n o t h e r  a s p e c t  o f  t e c h n o l o g y  a s s e s s m e n t  i s  t h a t  deve lopmen t  
o f  e x p e c t e d  t e c h n o l o g i c a l  p r n c e s s c s  i s  s t i l l  u n d e r  u n c e r t a i n t y .  
An e m p i r i c a l  d a t a  b a s e  f o r  e v a l u a t i n g  a l t e r n a t i v e  p r o c e s s e s  h a s  
n o t  b e e n  w e l l  e s t a b l i s h e d  y e t ,  and  c o n d i t i o n s  s u r r o u n d i n g  t h e  
t e c h n o l o g i c a l  deve lopmen t  y i e l d  t o  u n p r e d i c t e d  c h a n g e s .  Thus 
a s s e s s i n g  p r e f e r e n c e  f o r  t e c h n o l o g y  c h o i c e  o f  a l t e r n a t i v e  p r o c e s s e s  
i s  a d e c i s i o n  p rob lem u n d e r  u n c e r t a i n t y .  
D e c i s i o n  a n a l y s i s  d e v e l o p e d  by  R a i f f a (  [ 3 ]  ) , S c h l a i f e r  ( [4] ) 
and  P l a t t  ( [S] [6] ) p r e s e n t s  a method f o r  a s s e s s i n g  t h e  p r e f e r e n c e  
o f  t h e  d e c i s i o n - m a k e r  f o r  p o s s i b l e  c o n s e q u e n c e s  o f  human a c t i o n s ,  
a n d  f o r  s c a l i n g  h i s  judgements  c o n c e r n i n g  t h e  c h a n c e  o f  p o s s i b l e  
e v e n t s .  The u t i l i t y  c o n c e p t  i s  u t i l i z e d  f o r  n u m e r i c a l  p r e s e n t a t i o n  
of h i s  p r e f e r e n c e  i n  a comrnensurated term. The e x p e c t e d - u t i l i t y -  
m a x i m i z a t i o n  p r i n c i p l e  i s  u s e d  as t h e  c r i t e r i o n  f o r  s e l e c t i n g  
a l t e r n a t i v e  t e c h n o l o g i c a l  p r o c e s s e s .  The MATJECON c o l l e c t i o n  o f  
computer  p rog rams  f o r  u s e  on  a t i m e - s h a r i n g  s y s t e m  i s  a v a i l a b l e  
t o  p e r f o r m  t h e s e  e v a l u a t i o n s .  ( S c h l a i f e r  [7] ) 
C o n s i d e r i n g  t h e s e  c h a r a c t e r i s t i c s  o f  t e c h n o l o g y  a s s e s s m e n t  
and  r e f e r r i n g  t o  t h e  above-ment ioned  m e t h o d o l o g i e s ,  i n  t h i s  p a p e r  
a m o d i f i e d  d e c i s i o n - a n a l y s i s  d e v i c e  f o r  s e l e c t i n g  a p p r o p r i a t e  
t e c h n o l o g i e s  under  d i f f e r e n t  economic  a n d  s o c i a l  c o n d i t i o n s  i s  
a p p l i e d  t o  t h e  MIT d a t a .  
11. PROBLEM SETTING AND METHODOLOGY 
The f o s s i l  f u e l - t o - f u e l  c o n v e r s i o n  problem i s  combined w i t h  
a complex o f  r e s o u r c e  endowment, t r a n s p o r t a t i o n  f a c i l i t i e s ,  
i n d u s t r i a l / s o c i e t . z l  c o n d i t i o n s .  The s t r u c t u r e  o f  t h e  complex 
problematique i s  desc r ibed  s e q u e n t i a l l y  i n  a  decision-making 
f low-char t .  I n  t h e  t e r m i n a l  s i t u a t i o n  o f  t h e  d e c i s i o n  diagram, 
d i f f e r e n t  t ypes  o f  t h e  model can be  d i sce rned .  ( ~ i g .  1) I n  model 
1, t h e  s o c i e t y  has  r i c h  f o s s i l  f u e l  r e sou rces  and has been 
h i g h l y  i n d u s t r i a l i z e d .  Thus t h i s  s o c i e t y  has  e x i s t i n g  p i p e l i n e  
t r a n s p o r t a t i o n  f a c i l i t i e s  f o r  l i q u e f i e d  n a t u r a l  gas .  I n  model 2, 
t h e  s o c i e t y  has  scarce n a t u r a l  r e sou rces  and l a r g e l y  depends on 
ove r seas  t r a n s p o r t a t i o n  from f o s s i l  f u e l  producing c o u n t r i e s .  
On t h e  o t h e r  hand,  t h i s  s o c i e t y  has  h i g h l y  developed heavy-chemical 
i n d u s t r i e s  and a g r e a t  d e a l  o f  subs t i t u t e - ene rgy  demand; t h u s  
it i s  well-exper ienced i n  t a n k e r  t r a n s p o r t a t i o n .  I n  model 3 ,  
t h e  s o c i e t y  has  p l e n t i f u l  c o a l  r e sou rces  b u t  they have n o t  been 
h i g h l y  developed y e t .  However, i f  it does no t  d e s i r e  t o  r e t u r n  
t o  a c o l o n i a l  s i t u a t i o n ,  i n d u s t r i a l i z a t i o n  must be  t h e  main 
o b j e c t  of economic p o l i c i e s .  A t y p i c a l  s o c i e t y  o f  model l ( M 1 )  
i s  t h e  U.S.A.. Model 2(M2) i s  Japan and model 3(M3) i s  a s o c i e t y  
l i k e  South A f r i c a  Qr A u s t r a l i a  which has  l a r g e  unknown p o s s i b i l i t i e s  
f o r  development. 
I n  t h e s e  models, decision-making i s  under u n c e r t a i n t y :  even 
t h e  resources-endowment c o n d i t i o n s  can be changed by unpred ic ted  
discovery o f  new mines. Marine t r a n s p o r t a t i o n  r o u t e s  w i l l  n o t  
only  be  compelled t o  change f o r  i n t e r n a t i o n a l  p o l i t i c a l  reasons  
b u t  s u r f a c e  t r a n s p o r t a t i o n  may a l s o  s u f f e r  from d e t e r i o r a t i o n  of  
i n t e r n a t i o n a l  r e l a t i o n s h i p s .  Economic/socie ta l  c o n d i t i o n s  are 
g r e a t l y  changed by p o l i t i c a l  a l t e r a t i o n .  The u n c e r t a i n t i e s  i nc luded  
i n  each model are t aken  i n t o  c o n s i d e r a t i o n  a s  " r i s k "  i n  a s s e s s i n g  
t h e  p re fe rence  o f  t h e  model. 
F i g .  1. Problem-set t i l l?  [low c h a r t .  
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A menu o f  a l t e r n a t i v e  t e c h n o l o g i c a l  p rocesses  f o r  g a s i f i c a -  
t i o n  and l i q u e f a c t i o n  o f  c o a l  i s  shown i n  Table  1. The c h a r a c t e r -  
is t ics  o f  t h e s e  p roces ses  are desc r ibed  i n  Table  2 .  The r e sea rch  
and development o f  t h e s e  a l t e r n a t i v e  t echno log ie s  i n  t h e  f u t u r e  
i s  a l s o  under u n c e r t a i n t y .  Fo recas t ing  t e c h n o l o g i c a l  development 
i nc ludes  many unpred ic t ab l e  f a c t o r s .  Such u n c e r t a i n  e lements  
are cons idered  i n  s c a l i n g  t h e  judgemental p r o b a b i l i t i e s  f o r  each 
p roces s .  
The procedure  f o r  a s s e s s i n g  t h e  d e s i r a b i l i t y  o f  t h e  a l t e r n a -  
t i v e  processes  i s  as fo l lows .  
F i r s t ,  b a s i c  d a t a  f o r  a s s e s s i n g  each t e c h n o l o g i c a l  p roces s  
i s  formed i n  q u a n t i t a t i v e  terms.  A t  t h i s  t ime t h e  c h a r a c t e r i s t i c s  
o f  t h e  o r i g i n a l  d a t a  r e q u i r e  some mod i f i ca t ions  of  t h e  dev ice .  
One is  t h a t  numerical  in format ion  i n  compflrable forms f o r  t h e  
assessment i s  r a r e l y  o b t a i n a b l e  from o r i g i n a l  d a t a ,  and t h u s  t h e  
s u b j e c t i v e  scale f o r  non-quant i f ied  d a t a  must be u t i l i z e d  i n s t e a d  
of t h e  o b j e c t i v e  scale f o r  q u a n t i f i e d  d a t a .  Another mod i f i ca t ion  
is  t h a t ,  because t h e  d a t a  is  composed o f  random v a r i a b l e s ,  t h i s  
p rope r ty  of t h e  a t t r i b u t e  of  each p roces s  t o  b e  a s se s sed  i s  t aken  
i n t o  account i n  c a l c u l a t i n g  t h e  expected u t i l i t i e s  a t  a ,  
subsequent  s t a g e .  
Second, a u t i l i t y  f u n c t i o n  of  c o a l  g a s i f i c a t i o n  and l i q u e f a c -  
t i o n  f o r  each model i s  a s se s sed .  The u t i l i t y  f u n c t i o n s  w i t h  
dec reas ing  p o s i t i v e  r i s k  ave r s ion  a r e  f i t t e d  by t h e  MANECON 
computer program SUMEXFIT i n  t h e  fo l lowing  form. The MANECON 
program SUMEXFIT can a l s o  c a l c u l a t e  parameters  o f  t h e  nonnormalized 
p re fe rence  func t ions .  
TABLE 1 Menu o f  A l t e r n a t i v e  P r o c e s s e s  f o r  
S u b s t i t u t e - e n e r g y  ~ e c h n o l o g i e s  f rom C o a l  
G a s i f i c z t i o n  
l a b e l  P r o c e s s  
A 1  H y g a s - e l e c t r o t h e r m a l  (IGT) 
A 2  Y o l t e n  C a r b o n a t e  ( K e l l o g g )  
B 1  B i g a s  ( B C R )  
B2 S y n t h a n e  ( B u r e a u  o f  m i n e s )  
C 1  Hyyas-oxygen (IGT) 
C 2  S t e a m - I r o n  (IGT) 
C .3 H y d r o g a s i f  i c a t i o n  
( B u r e a u  o f  m i n e s )  
D C 0 2  A c c e p t o r  (CSG) 
T>iquef  a c t i o n  
A S o l v ~ n t  r e f i n i n g  o f  c o a l  
(SRC) (CSC) 
B C o n s o l  p r o c e s s  (HRI) 
D COED 
E S o l v o l y s i s  (KKS) 
c h a r a c t e r i s t i c s  
( e n e r g y  s u p p l y , e t c  J 
e l e c t r o t h e r m a l  & h y d r o g a s i f i e r  
m o l t e n  c a r b o n a t e  g a s i f i e r  
oxygen  and  s t e a m  
oxygen a n d  steam 
o x g e n  a n d  s t e a m  
h y d r e g a s  i f  i e r  
a i r  a n d  s t e a m  
h y d r o g a s i f i e r  
u s e  o f  i r o n  o x i d e  
a i r  
h y d r o g a s i f i e r  
h o t  a i r  
u s e  o f  d o l o m i t e  
hydrogen  
h y d r o g e n  
u s e  o f  z i n c  c h l o r i d e  c a t a l y s t :  
h y d r o g e n  
u s e  o f  c o b a l t  m o l y b d a t e  c a t a l y s t  
oxygen  and  s t e a m  
hydrogen  
u s e  o f  a s p h l t  a s  s o l v e n t  
TABLE 2 Comparison o f  A l t e r n a t i v e  G a s i f i c a t i o n  P r o c e s s e s s  
c o a l  tempera ture  p r e s s u r e  methane y i e l d  
s i z e  of  g a s f i e r  A B C 
C 1  1/8inch 1300-1500F 1000-15OOpsi no d a t a  
C 2  1/8inch 1300-1500F 1000-15OOpsi 0.25 1.27 0.64 
C3 50X100mesh 1650F l O 0 0 p ~ i  0.50 2.90 0.95 
D 1 / 4  t o  1/8 1500F 140psia  0.16 0.90 0.46 
inch  300psia 
( l i g n i t e )  
source :  H o t t e l  and Howard, New Energy Technology 
n o t e :  A l l  based on feed  o f  I l l i n o i s  No. 6 c o a l ,  excep t  CSG (Renner 
Cove L i g n i t e )  , Molton Carbonate ( P i t t s b u r g h  seam c o a l )  and 
Bureau o f  Mines Hydrogas i f i ca t ion  ( P i t t s b u r g  seam c o a l )  . 
A= (Metane l e a v i n g  g a s i f i e r )  /(Carbon i n  s o l i d s  f e e d  s t ream t o  
g a s i f i e r )  ; 
B= (Methane l e a v i n g  g a s i f i e r )  / (Methane-equivalent of 
hydrogen i n  c o a l )  ; 
C=(Methane l e a v i n g  g a s i f i e r ) / ( M e t h a n e  i n  f i n a l  p i p e l i n e  g a s ) .  
The normal ized  p r e f e r e n c e  ( u t i l i t y )  f u n c t i o n s  a r e  o b t a i n e d  i n  t h e  
f o l l o w i n g  form: 
The l o c a l  r i s k  a v e r s i o n  f u n c t i o n  i s  
R(x)  = - 
u ' ( x )  a e  -ax + cbe  -bx 
The c o n d i t i o n s  a  7 0 and b c  > 0 g u a r a n t e e  t h a t  t h e  r i s k  a v e r s i o n  
f u n c t i o n  i s  d e c r e a s i n g  o v e r  [-a, a ] .  I n  a d d i t i o n ,  i f  b  and c 
a r e  p o s i t i v e ,  t h e  r i s k - a v e r s i o n  f u n c t i o n  ( 3 )  i s  everywhere 
p o s i t i v e ;  i f  b  and c a r e  n e g a t i v e ,  t h e  r i s k - a v e r s i o n  f u n c t i o n  i s  
p o s i t i v e  t o  t h e  l e f t  o f  
1 2 2 
X* = - l o g  ( -a  / [h c ]  ) 
a - b  
a r e  n e g a t i v e  t c  t h e  r i g h t  o f  x* where P.(x*) = 0. ( S c h l a i f e r  [ 7 ] )  
I n p u t  d a t a  f o r  d e p i c t i n g  u t i l i t y  c u r v e s  a r e  d e r i v e d  by a s s e s s i n g  
c e r t a i n t y .  e q u i v a l e n t s  w i t h  50-50 chance  l o t t e r y  t e c h n i q u e s .  
Thir?. ,  a  p r o b a b i l i t y  d i s t r i b u t i o n  P ( x )  o f  t h e  ranzom v a r i a b l e  
x  i n  each p r o c e s s  i s  a s s e s s e d  w i t h  d i r e c t  ju2gement. I n  f a c t  t h e  
v a l u e  x  o f  t h e  cumula t ive  d i s t r i b ~ ~ t i o n  f u n c t i o n  ~ ( x  jg) i s  a s s e s s e d  
f o r  s e v e r a l  f r a c t i l e s  of t h e  d i s t r i b u t i o n .  Using t h e  MANECON 
program CDISPRI, cont inuous piecewise  q u a d r a t i c  d i s t r i b u t i o n s  
a r e  g r a p h i c a l l y  p r i n t e d  i n  t h e  form o f  t h e  mass f u n c t i o n s  a s  
w e l l  a s  cumulat ive  func t ions .  C h a r a c t e r i s t i c s  o f  t h e  d i s t r i b u -  
t i o n  such a s  mean, s t a n d a r d  d e v i a t i o n ,  and v a r i a n c e  a r e  a l s o  
c a l c u l a t e d .  
F i n a l l y ,  expec ted  va lue  of u t i l i t y  f o r  each p roces s ,  
I*  
E [u (x )  ] = J p ( x )  U ( X )  dx, i s  c a l c u l a t e d  wi th  t h e  MANECON program 
a 
PREFEVAL. The numerical  r e s u l t s  f o r  a l t e r n a t i v e  p roces ses  a r e  
compared t o  each o t h e r  w i t h i n  each model. 
The MANECON program was i n t e r a c t i v e l y  run under IBM CALL/370 
wi th  minor mod i f i ca t ions .  I t  was known t h a t  t h e  computat ional  
works could  be economically w e l l  done us ing  t h i s  package. 
Data f o r  i t ems  which c h a r a c t e r i z e  t h e  c o a l  g a s i f i c a t i o n  and 
l i q u e f a c t i o n  p roces ses  a r e  shown i n  Table  3  and Table  4 .  The 
c o n s i d e r a t i o n s  f o r  each p roces s  come from t h e  MIT s tudy  above c i t e d .  
Using t h e s e  d a t a  a long wi th  ones  i n  Table  1 and Table  2 ,  t h e  
i t e m s  f o r  each process  a r e  examined a l t o g e t h e r  and a r e  c o n s o l i d a t e d  
i n t o  one a t t r i b u t e  f o r  each process .  Measures f o r  t h e  cons idera -  
t i o n s  summed up f o r  each process  a r e  s c a l e d  w i t h  s u b j e c t i v e  judge- 
ment i n  t h e  range o f  0  t o  10. The weight ing  f o r  summing up t h e  
c o n s i d e r a t i o n s  is  d i f f e r e n t  accord ing  t o  t h e  importance o f  each 
i t em f o r  each process  i n  each model. 
TABLE 3 Data  f o r  S u b j e c t i v e  S c a l e  o f  
C o a l  G a s i f i c a t i o n  P r o c e s s e s  
l a b e l  c o n s i d e r a t i o n  
A1 H i g h e s t  n o n c a t a l y t i c  m e t h a n a t i o n  i n  g a s i f i e r  o f  any 
p r o c e s s  d e v e l o p e d  beyond b e n c h - s c a l e .  
Advanced p i l o t  p l a n t s  d e v e l o p e d .  
S l u r r y i n g  o f  f u e l  g i v e s  t h e  r e l i a b l e  f e e d  t o  h i g h  
p r e s s u r e  s y s t e m .  
C o a l  c o s t  i n  p r i c e  components  i s  l a r g e ( 4 7 . 4 % )  
C o a l  p r e p a r a t i o n ,  h y d r o g a s i f  i c a t i o n  and  hydrogen  
c o s t s  r e q u i r e s  l a r g e  i n v e s t m e n t .  
N e c e s s i t y  o f  d i s p o s i n g  o f  b y - p r o d u c t  c h a r  
E l e c t r i c  e n e r g y  need  i s  e c o n o m i c a l l y  q2est j .or :able .  
D i f f i c u l t i e s  o f  p r e t r e a t e r  t e m p e r a t u r e  c o n t r o l .  
P r e t r e a t i n g  o p e r a t i o n  n e c e s s a r y  t o  h a n d l e  c a k i n g  
c o a l  p r o d u c e s  a n  e x t r a  g a s  s t r e a m  and  p r e v e n t s  
making f u l l  u s e  o f  t h e  r e l a t i v e l y  h i g h  r e a c t i v i t y  
o f  f r e s h  c o a l .  
A2 Use o f  a i r  i n s t e a d  o f  oxygen .  
C o a l  p r e p a r a t i o n  c o s t s  l e s s  
Sodium c a r b o n a t e  h a s  a n  a d v a n t a n e o u s  c a t a l y t i c  e f f e c t  
on r a t e  o f  s o l i d s  g a s i f i c a t i o n .  
e v a l u a t i o n  
- 
( u n c e r t a i n t y )  
- 
( u n c e r t a i n t y )  
- 
( u n c e r t a i n t y )  
V o l t e n  s a l t  is  v e r y  c o r r o s i v e .  - 
T e m p e r a t u r e  o f  g a s i f i e r  i s  t o o  h i g h  f o r  s i g n i f i c a n t  
m e t h a n a t i o n .  
The l o w e s t  y i e l d  o f  methane .  - 
Energy  l o s s  f o r  evo lven len t  o f  c a r b o n  d i o x i d e  i n  
c o n v e r s i o n  o f  b i c a r b o n a t e  t o  c a r b o n a t e .  
D i f f i c u l t i e s  o f  p r o c e s s  c o n t r o l .  - 
S u l f u r  a n d  power p r o d u c t i o n  a s  b y - p r o d u c t s .  + 
( u n c e r t a i n t y )  
B 1 Enough background  o f  R & D ( a  r e s u l t  o f  a  s t a t e - o f - t h e  
a r t  s u r v e y ) .  + 
Rapid  g a s i f i c a t i o n  by e n t r a i n e d  f l o w .  
t 
G a s i f i e r  m e t h a r ~ + t i o n  i s  h i g h e r  t h a n  o t h e r  
oxygen-blown p r o c e s s e s .  
T e m p e r a t u r e  o f  r e a c t o r  ( c y c l o n e  g a s i f i c a t i o n  chamber)  
f o r  s team-oxygen-char  i s  much h i g h e r  t h a n  i n  o t h e r  
p r o c e s s e s  w i t h  a t t e n d a n t  h i g h e r  t h e r m a l  l o s s  i n  s l a g .  
L i g n i t e  is a v a i l a b l e  ( low c o s t ) .  + 
Many u n s o l v e d  o r  q u e s t i o n a b l e  t e c h n i c a l  a s p e c t s  r e m a i n .  - 
( u n c e r t a i n t y )  
B  2 D i r e c t  u s e  o f  c a k i n g  c o a l ( p r e t r e a t m e n t  c o s t  i s  l o w ) .  + 
C o n c u r r e n t  f low a t  f e e d  p o i n t  m i n i m i z e s  l o s s  o f  e v o l v e d  + 
h y d r o c a r b o n s .  
P r o d u c t i o n  o f  c h a r  s t r e a m  a s  o n e  o f  t h e  f i n a l  p r o d u c t s .  - 
( u n c e r t a i n t y )  
Amount o f  c a t a l y t i c  m e t h a n a t i o n  n e c e s s a r y  i s  much 
h i g h e r  t h a n  i n  h y d r o g a s i f i c a t i o n  p r o c e s s e s .  
Many u n s o l v e d  o r  q u e s t i o n a b l e  t e c h n i c a l  a s p e c t s  r e m a i n .  - 
C o a l  c o s t  i s  h i g h  ( 4 8 . 2 % ) .  
l a b e l  c o n s i d e r a t i o n  
C1 Inpu t  of  oxygen i n t o  a  s e p a r a t e  r e a c t o r  r e q u i r e s  
cons ide rab ly  l e s s  oxygen than  i n  c l a s s  B processes  
which add it d i r e c t l y  t o  t h e  g a s i f i e r .  
e v a l u a t i o n  
Development i n  p i l o t  p l a n t  s t a g e .  + 
E f f i c i e n c y  of n o n c a t a l y t i c  methanation (no d a t a ) .  + 
D i r e c t  coupl ing of t h e  hydrogen-carbon monoxide supply 
t o  t h e  methanation p rocess  i s  a b s e n t ,  w i t h  a t t e n d a n t  - 
thermal  l o s s .  
Costs  of oxygen and hydrogen i s  a  l a r g e  component of - 
t h e  p r i c e .  
Yield  of f u e l  by-products.  + 
C2 Use of a i r ,  wi th  a t t e n d a n t  s u b s t a n t i a l  r educ t ion  i n  
equipment c o s t .  
High n o n c a t a l y t i c  methanation i n  a l l  t h e  p rocesses .  + 
D i r e c t  coupling of t h e  hydrogen supply t o  t h e  methana- - 
t i o n  p rocess  i s  a b s e n t ,  wi th  a t t e n d a n t  thermal  l o s s .  
I n  p i l o t  p l a n t  s t a g e .  + 
Requirement of s u l f u r  removal from e f f l u e n t  of 
a  reducer of i r o n  ox ide .  
Continuous, h igh-pressure ,  l a r g e - s c a l e  hydrogen - 
proclucticr. process  by s t ream-iron t echn ique  not  w e l l  
e s t a b l i s h e d .  ( u n c e r t a i n t y )  
Control  problem f o r  balanced opera t ion  of  s i x  f l u i d i z e d  - 
beds ( 3  i n  g a s i f i e r ,  3  i n  s team-iron)  . ( u n c e r t a i n t y )  
Hydrogen c o s t  h igh.  - 
Coal c o s t  high (53.7%) . - 
( u n c e r t a i n t y )  
C3 Use of a i r  i n s t e a d  of oxygen. + 
S u b s t a n t i a l  methanatiop w i t h i n  g a s i f i e r  and r e l a t i v e l y  
smal l  amount of c a t a l y t i c  methanation ( t h e  h i g h e s t  + 
n o n c a t a l y t i c  methane y i e l d ) .  
Requirement of s u l f u r  removal from f l u e  gas  leaving 
air-blown f l u i d i z e ?  bed combustor. 
Absence of  d i r e c t  coupl ing of t h e  hydrogen-producing 
process  t o  t h e  methanation p rocess  ( thermal  l o s s ) .  
Re la t ive ly  undeveloped s t a t e .  
Remaining unsolved t e c h n i c a l  a s p e c t s .  
Coal c o s t  is l e s s .  
D Use of  a i r  i n s t e a d  of oxygen. 
E f f i c i e n t  supply o f  r e a c t i o n  energy i n  s i t u .  + 
Use of l i g n i t e  a s  m a t e r i a l ,  wi th  a t t e n d a n t  minimal c o s t .  + 
Exis tence of  temperature  r e s t r i c t i o n  i n  g a s i f i e r ,  wi th  - 
a t t e n d a n t  r e s t r i c t i o n  of  usab le  c o a l  m a t e r i a l s .  
Regenerator o u t l e t  g a s  c o n t a i n s  3-4% CO and a l s o  SO2. - 
Nonca ta ly t i c  methane y i e l d  i s  r e l a t i v e l y  low. b - 
D i f f i c u l t y  of system c o n t r o l .  - 
( u n c e r t a i n t y )  
TABLE 4 D a t a  f o r  S u b j e c t i v e  S c a l e  o f  
C o a l  L i q u e f a c t i o n  P r o c e s s e s  
l a b e l  c o n s i d e r a t i o n  
A  U s e  o f  c o a l  t a r  a s  s o l v e n t  w i t h  e f f i c i e n t  d i s s o l u -  
t i o n  c a p a c i t y .  
Hydrogen r e c y c l i n g  s y s t e m  r e q u i r e s  l e s s  h y d r o g e n .  
No c a t a l y t i c  t r e a t m e n t .  
Requi rement  o f  SO2 t r e a t m e n t  i n  e f f l u e n t  s t o c k  g a s  
a n d  a s k  d i s p o s a l  f rom r e s i d u e  f u r n a c e .  
P i l o t  p l a n t  s t a g e  o f  d e v e l o p m e n t .  
S u l f u r  a s  b y - p r o d u c t .  
E n e r g e  p r o d u c t i o n  from r e s i d u e  t r e a t m e n t  p r o c e s s .  
Has s o l v e n t  r e c o v e r y  p l a n t .  
S t o r a g e  o f  d e - a s h e d  d e s u l f u r i z e d  l i q u i d  stream by 
s o l i d i f i c a t i o n  f o r  d e l a y e d  c o k i n g  ( e c o n o m i c a l l y  
e f f i c i e n t ) .  
E x t r a c t  h y d r o g e n a t i o n  p r o d u c e s  h i g h  c o s t .  
Has s o l v e n t  r e c o v e r y  p l a n t .  
U t i l i z a t i o n  o f  c a k i n g  c o a l  ( low c o s t  o f  c o a l  m a t e r i a l )  . 
P i l o t  p l a n t  s t a g e  o f  d e v e l o p m e n t .  
C a t a l y t i c  h y d r o g e a a t i o n  ( h i g h  c o s t  o f  h y d r o g e n ) .  
Dependence on  d i s c o u n t e d  c a s h  f l o w  (DCF) o n  g r a d e  o f  
c o a l  ( h i g h  c o s t  o f  c o a l  m a t e r i a l ) .  
P o s s i b i l i t y  o f  h i g h  r e t u r n  on  i n v e s t m e n t  (DCF 1 8 %  
f o r  I l l i n o i s  c o a l ) .  




( u n c e r t a i n t y )  
- 
( u n c e r t a i n t y )  
+ 
( u n c e r t a i n t y )  
Development  i n  bench  s c a l e .  - 
( u n c e r t a i n t y )  
l a b e l  
D 
c o n s i d e r a t i o n  
S tag ing  o f  t empera tu re  by m u l t i s t a g e  f lu id ized-bed  
p y r o l y s i s ,  which minimizes t h e  l o s s  of hydrocorbons 
t h a t  occur  when c rack ing  i s  t o o  severe .  
e v a l u a t i o n  
C a t a l y t i c  h y d r o t r e a t i n g  o f  o i l  (h igh c o s t  of hydrogen).  - 
U t i l i z a t i o n  o f  c h a r  product  a s  b o i l e r  f u e l  f o r  
power g e n e r a t i o n .  
Use o f  oxygen f o r  r e a c t o r  (high c o s t  of oxygen).  - 
Minimization of g a s  products .  t 
High p r i c e  o f  o i l  product .  - 
P o s s i b l e  u t i l i z a t i o n  o f  t h e  produced f u e l  g a s  and c h a r  + 
a s  t h e  process  f u e l  f o r  t h e  o p e r a t i o n .  ( u n c e r t a i n t y )  
P i l o t  p l a n t  s t a g e  of development. + 
Use of  a s p h a l t  a s  s o l v e n t  ( s u i t a b l e  f o r  mass supp ly) .  + 
Less e f f i c i e n t  d i s s o l u t i o n  c a p a c i t y  o f  a s p h a l t .  - 
Operat ion under a i r  p r e s s u r e  (no requirement  o f  
hydrogen-use f o r  e l e v a t i n g  p r e s s u r e ) .  
Low equipment c o s t .  
Ease o f  handl ing and s a f e t y  of p l a n t .  
High y i e l d  of l i q u i d  p roduc t s  (depending on t h e  carbon + 
c o n t e n t  o f  c o a l ) .  ( u n c e r t a i n t y )  
Advanced experiments performed i n  Japan. + 
Requirement of s u l f u r  removal. - 
Use of  n i t r o g e n  a s  i n a c t i v e  g a s  f o r  r e a c t o r .  + o r  
- (model 3) 
Based on t h e  s u b j e c t i v e l y  s c a l e d  a t t r i b u t e s ,  u t i l i t y  f u n c t i o n s  
a r e  a s s e s s e d .  Paramete r s  o f  t h e  u t i l i t y  f u n c t i o n s  a r e  shown i n  
Tab le  5 .  The MANECON program PREFEVAL can  e v a l u a t e  and p r i n t  
o u t  t h e  v a l u e s  o f  t h e  a t t r i b u t e s  and t h e  cor responding  p r e f e r e n c e s  
f o r  them. Using t h e s e  r e s u l t s ,  t h e  u t i l i t y  f u n c t i o n s  f o r  t h e  
o i l - f rom-coa l  a s  w e l l  a s  gas-from-coal  convers ion  p r o c e s s e s  i n  
each  model a r e  g r a p h i c a l l y  d e p i c t e d  i n  F ig .  2. The numer ica l  
v a l u e s  o f  t h e  d e c r e a s i n g  r i s k - a v e r s i o n  f u n c t i o n s  a r e  a l s o  shown 
i n  t h e  F i g u r e .  
The magni tudes  of  numer ica l  v a l u e s  o f  t h e  r i s k - a v e r s i o n  
f u n c t i o n  R ( x )  a r e ,  i n  descend ing  o r d e r ,  M3, M2 and M 1  f o r  t h e  
g a s i f i c a t i o n  p r o c e s s .  I n  model 3 ,  it i s  supposed t h a t  t h e  d e c i s i o n -  
maker i s  most r i s k - a v e r s e  i n  t h e  f i r s t  h a l f  o f  t h e  whole range  
o f  t h e  a t t r i b u t e s  and becomes r a t h e r  r i sk -p rone  i n  t h e  end.  
For  t h e  l i q u e f a c t i o n  p r o c e s s ,  t h e  s i t u a t i o n  i n  rrodel 3 i s  same. 
However, u n l i k e  i n  t h e  g a s i f i c a t i o n  c a s e ,  t h e  decis ion-maker  i n  
mod.el 2 i s  less r i s k - a v e r s e  t h a n  i n  model 1. T h i s  i s  due t o  t h e  
r e l a t i v e l y  advanced s t a g e  o f  r e s e a r c h  and development f o r  t h e  
l i a u e f a c t i o n  p r o c e s s  i n  J apan .  
TABLE 5 P a r am e te r s  o f  U t i l i t y  Func t ions  
GAS M 1  
M2 
M 3  
OIL M 1  
M 2  
M 3  
GAS M1 
preference 
l . O - m  R(2.5)=0.07128 
R(5.0)=0.02112 
R(7.5)=0.01201 
0 . 5 . -  
R(9.5)=0.01060 
0 .0 -  value 
GAS M2 
preference 
1 . 0  .- R(2.5)=0.19398 
R(5.0)=0.08882 
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Fig: 2 .  U t i l i t y  functions and t h e i r  values of  r i sk  averse functions.  
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F i g .  2 .  UtZLl i ty  func t ions  and t h e i r  values  o f  r i s k  aversc  func t ions .  
(=ant i f i u e d )  
The a t t r i b u t e  o f  each process  i s  a  random v a r i a b l e ,  and 
i t s  p r o b a b i l i t y  d i s t r i b u t i o n  func t ion  is  a l s o  a s ses sed  wi th  
s u b j e c t i v e  judgement. C h a r a c t e r i s t i c s  o f  t h e  d i s t r i b u t i o n  . A 
func t ions  a r e  a l s o  c a l c u l a t e d  and shown i n  Table  6 .  Examples 
o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  a r e  g r a p h i c a l l y  shown i n  Fig.  3. 
A s  seen ,  among c o a l  g a s i f i c a t i o n  processes  i n  model 1, 
t h e  mean of t h e  p r o b a b i l i t y  d i s t r i b u t i o n ,  o r  t h e  mathematical  
expec ta t ion  f o r  t h e  u n c e r t a i n  q u a n t i t y  o f  t h e  a t t r i b u t e ,  is  t h e  
h i g h e s t  f o r  process  C3. Processes  C 1  and A 1  have secondary h igh  
va lues .  I n  t h e s e  processes ,  t h e  degree o f  u n c e r t a i n t y  expressed 
i n  t h e  term of  var iance  i s  r e l a t i v e l y  low. The process  which has 
t h e  h i g h e s t  degree o f  unce r t a in ty  i s  B2. This  i s  mainly because 
of  t h e  unes t ab l i shed  s t a t u s  of  th; technology, u n c e r t a i n t y  i n  
p r e d i c t i n g  c o a l  p r i c e s  and t h e  n e c e s s i t y  of marketing c h a r  
r e s i d u a l s .  I n  model 2 ,  t h e  h i g h e s t  va lue  o f  means i s  a l s o  i n  
process  C3 followed by process  A l .  The low magnitudes o f  means 
compared wi th  t h o s e  i n  model 1 r e f l e c t  t h e  delayed s t a t u s  of 
development of  g a s i f i c a t i o n  processes  i n  Japan. The numerical  
va lues  of var iance  a r e  g e n e r a l l y  high i n  model 2. Th i s  i s  
because of t h e  u n p r e d i c t a b i l i t y  o f  c o a l  p r i c e s  which obey e x t e r n a l  
cond i t ions .  I n  model 3, t h e  p a t t e r n  of  t h e  mean va lue  is  almost  
t h e  same a s  i n  o t h e r  c a s e s  except  t h a t  p rocess  D has a  secondary 
h igh  va lue .  This  is  because o f  t h e  e f f i c i e n c y  of  t h e  energy 
supply system and u t i l i z i n g  a i r  i n s t e a d  of  oxygen, which a r e  more 
s u i t a b l e  f o r  less developed s o c i e t i e s  without  we l l - e s t ab l i shed  
heavy-chemical industry complexes. I n  a d d i t i o n ,  use  o f  l i g n i t e  
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